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is Introduction 


A systematic review and account of our knowledge of the constitution, 
composition and dynamics of the upper atmosphere including the more appli- 
ceble physical perameters would be extremely difficult. Indeed, such e 
weelth of materiel exists in the littérature that a thorough evaluation de- 
tracts from the main point of interest namely the pertinent atmospheric 
processes. The etmosphere combined with the incident solar end coemic radia- 
tion provides the environment for the particle-field and particle-particle 
interactions. Yor this reason it ie desfrable to inelude the important 
features of the various geophysical parameters including, where available, 
the eppropriate quentitative data. Fortunately, an excellent review of 
the dynamic properties of the terrestrial atmosphere has been given by 
Nicolet et a ©) end our discussion may be considered to supplement 
rether then include this review. Figure 1 gives a self-explanatory des- 
cription of the Nicolet's nomenclature which defines the gross character- 
deticse of the verious regione of demarcation. The several maes motions 
of interest such as vertical drift and mixing, thormodynamics of heating, 
etc., will not be treated es a single topic, but rether as epplicetions 


of particular microscopic or macroscopic processes. 


The atmospheric perameters coneidered as essential to the definition of 
the etmospheric particle interactions ere the total density including fluc- 
tuetions and cross-correlations), temperature, molecular and atomic com- 
position, electron density, and fon composition, and solar flux. Again, 


the amount of attention devoted to e perticular topic herein is aot indicative 


Oars ATONE OUVEEN 
atoene WrOROeTA 
$00 ATOMIG ORYOEN 


Figure |, Atmospherde Nomenclature Garter Nbeotet) 
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of its importence to the physics of the upper atmoaphere. Special atten- 
tion has been paid to those areas which we consider te be treated inad- 
equately in the literature or in which the GCA staff has particular 
competence. In addition, our view or interpretetion of the data - when 
conflicting data or embiguitdes exist - may be prejudiced by the require- 


meant for self-consietancy. 


In the pre-8putnik ere several model atmospheres were postulated 
defining the variation of descriptive geophysicel parameters with altitude. 
Ameng the more comprehensive of thesa surveys was the 1956 ARDC Medel 
Atmosphere. The introduction of satellites into the environment of 
interest in the 1957-58 era greatly accelerated the data gathering capa- 
bility hitherto depandent upon the spatially and temporally limited recket 
flight experiments. The satellite drag data chue accumlaced freqeatiy 
deviated from the theoretically postulated model atmospheres, and the 
observad time and epece variations ware incempatible with the assumptions 
of the mean model. For these reasons several attempts to modify the 
existent modele wera made circa 1959 and it hae bean demonstrated that 
among these the 1959 ARDC Model (fig. 2) ie probably the moet credulous 


at least for the mean of the diurnal, seasonal and solar fluctuations. 
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Figure 2a. Model Atmoapheres 60-130 km 
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Figure 2b, Model Atmospheres 130-200 kin 
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2.1. Zhe 1259 ABDC Model Atmosphere 


In the 1959 revised model the mlecular-acule temperature has been 
computed as a function of the geopotentisl altitude conetetene with date 
observed during eeveral availeble rocket and satellite experiments. 
Starting at a well establiiehad point (53 km of the 1956 model), values 
of the molecular-scale-temperature were selected such thet they defined 
densitios in reasonable agresment (in slope) with the observed deta. The 
ultimate result of this piece-meal conatruction was e profile (fig. 3) 
which shewed a lower temparature (then previous models) in the 90km 
region and more spectacularly a considerable temperature incresas at 
higher altitudes (105 - 170 hm). An extension of the model from 600 km 
te 5 aarth radii with a constant lepae rete of as = 3.16°/nm and « 
mean molacular weight decreasing to unity (discounting elsctrone ae « 
centyibutor ta the mean moleculer weight), yields velues of mens denaity 
which ara consistent with those derived by Chapman in the soler-corone 
enalyeie at the earth-sun distence. WMinener points out that extension of 
the model to eltitudes ebove 700 km is tenuous since the essumption of 
hydrostetic equilibrium end the bssic concept of temperature sre probably 
ineppliceble. Indeed, the action of the aslar wind upon the megnetic b- 
field ebove « few earth radii es presented conceptually in an thor -cpori 
and the anisotropic behavior of the predominantly torized medium in the 
terrestrial H-field precludes any simple hydrostatic model 4t these alti- 
tudea since the original equations of mrivn do nove include forces  sther 


than gravitational. 


: a a a acre ated ct 
GCA Tech Report No 7 in the sertes .te ke published: 
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Figure 3. Comparison of Temperature-Altitude Punctiona for Various Atmospheric 
Modela(after Minener et a}) 


The 1959 ARDC atmosphere has been partially substantiated by the 
Russians (Tables 1 and 2) and by the work of Jacchia (Pig. 4), King- 
Hele, etc., if one ignores the latitude (auroral activity) and the 
temporal variations (solar bulge). Recognising the various limita- 
tions, we include an abbreviated tabulation (Table 3) of the 1959 model 
including density, temperature, particle speed, mean free path, 


collision frequency, number density, and meer molecular weight. 
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TABLE 1: Structural Parameters of the Atmosphere at Heights 225-500 Km 


Height N P 3 H T P p 
km cm"3 gm/cm ani K dyne/cm2 erm He 
225 6.01°109  2.12+10713 40.0 936. 7.76:10°4 6.25-10°7 
230 $.31 1.79 40.6 938 6.88 5.54 
235 4.7 ve 41,3 961 6.1 4.92 
240 4.17 1.42 42.0 946 5.46 & 4 
245 3.71 1,25 42.8 952 4,96 3.94 
250 3.3 1.1 43,5 958 89 4.36 3.54 
255 2.94 9.73°10°44 44.3 4 3.91 3.17 
260 2.64 8.66 43.2 971 3.84 2.88 
265 2.36 7.77 45.0 9792s «3.19 2.6 
270 2,12 6.83 47.0 9672.89 2.35 
275 1,91 6.1 47.9 99% 2.63 2.14 
280 1.72 5.44 48.6 1008 2.39 1.95 
285 1.55 4.67 49.7 OlS 2.17 1.78 
290 1.4 4. % $0.7 1026 1.98 1.62 
295 1.27 3.93 $1.7 2037 1.62 1.49 
300 1.18 3.53 52.7 2068 1.66 1.37 
305 1.0? 3,26 $3.7 1059 1.56 1.29 
310 9.57°108 §=2..9 54.5 072 1.62 1.17 
315 8.73 2.63 55.9 1064 1.31 1.006 
320 7 96 2.39 87.0 1097 1.21 1.0 
325 7.31 2.17 $8.1 2110 1.12 9.28:10°° 
330 6.7 1.98 $9.2 1126 1.06 8.62 
335 6.17 1.82 60.3 £136 9.69:10°9 8.06 

3.68 1.66 61.5 2153 9.04 7.52 
345 §.22 1.52 62.8 %169 8.96 7.46 
350 4 82 1.4 64.8 1165 7.88 6.58 
355 4.46 1.29 65.2 1200 7.39 6.18 
960 4.13 1,19 66.7. 3219 6.93 5.82 
365 4.86 11 63.1 1237 6.89 §,53 
370 3.56 1,02 69.5 1257 6.18 8.19 
375 3.31 9.41:°10°15 70.9 1276 5.83 4.9 
380 3.08 8.72 172.4 1295 5.51 4.64 
385 2.92 8.24 73.9 1305 5.26 & 4b 
390 2.69 7,56 99.2 1335 46.96 4.19 
395 2.52 7.07 76.7. 1383 4.71 3.98 
400 2.36 6.6 70.9 1373 4.47 3.79 
405 2.21 6.16 79.7. 1393 4.28 3.6 
410 2.08 5.78 @1.2 1617 4.07 3.46 
415 1.98 5.41 82.9 1440 3.88 3.3 
420 1.84 8.09 84.6 1465 3.72 3.17 
425 1.73 4.79 86.3 1489 3.56 2.04 
430 1.64 4,51 68.1 1816 3.43 2.93 
435 1.55 4.25 90.0 1839 3.29 2.8? 
440 1.47 4.03 91.7. 1863 3.17 2.72 
445 1.39 3.8 93.6 1889 3.05 2.62 
450 1.32 3.6 99.5 1616 2.96 2.53 
485 1.25 3.4 98.6 1643 2.84 2 ot 
460 119 3.23 99.9 1675 2.75 2.37 
465 1.13 3.06 102.0 1709 2.66 2.3 
470 1.08 2.92 1046.5 1768 2.6 2.25 
475 1.03 2.79 107.0 1781 2.53 2.19 
480 9.82:10’ 2.65 109.3 1810 = 2.45 2.13 
485 9.4 2.83 111.5 18658 2.39 2.08 
490 8.97 2.42 113.9 1880 2.33 2.02 
495 8. 61 2 31 116.5 1917 2.28 1.98 
500 8.24 2,21 119.0 1953 2 22 1 94 
Li 


TABLE 2. Values of the Deualty Cla xine cm 3) Hl Vivdoun Hedphlt» beau Manometes 


Rockut Data Orag Data 
Containera 1957 a 
snd rockets 1957 ay 195) By 
Moan latitude 1957 ay 1958 «a 
Meight, of European Viking-? Aerobee-Hi £957 By 1938 B, 
igi USER 33° Mw lat. g9° W lat. (10,11) 1958 (19-25) 
100 4+30°10 2.3+10°20 7°209°20 aes ase 
110 9.8:10°)1 §egoell 1,5°10°10 cee ace 
120 2.2°10°28 1.2-10°R3 2:10°13 ene 6.9-10°8) 
130 7.010732 9.3°10°12 6-10°28 see 3,01°10°31 
140 $,2°10°22 1.2°10°22 $-40°12 ane 1.49-10°21 
150 1,6°10°22 6.6°10713 2:19°42 woe 6,07°20° 
160 9.9°10°13 4,3-10°23 1.3:30°88 eee 4.70°30°12 
170 6.4:10°85 $.0°10°29 1°10°32 ene 2.00-10°12 
180 4,4°10°13 2.3°10°13 @-10°13 cee 1.87°10°% 
1 eee ele ene eee 6.7°.0°% 
190 3.3°10°%5 1.8°10°33 7.$.30°13 woe 1.25°30°32 
397 & 1 aoe ouw eee ene 7,0-19°19 
2.7°10°3 1.4°30°23 7°40°33 eee (3-8.635 °19°89 
201 s up ese eee sae eee 6,7°10°13 
202 2 4 aoe eee eae woe 7,37°10°13 
206 > r eae eee ee eae §,4°190°23 
230 2.0:10°23 1.1°290°23 6.0°% 3. woe 6,04°10°3 
211 > 4 eee noe eee eee & ,6°10°23 
232 oi p Liat ane isin (4,44,8) 10°23 
215 re ean eeu eee 4.7°19°23 
220 1,6+10°33 9.0-10°33 wee eee €3.5-39.7) 40°22 
225 wee due oat (2.94.1) «10°33 wea 
248 eee eee ere (2.4-3,2) 20°83 eon 
230 1.28°10°%3 wee eae eee 3.38-10°13 
242 eo eco eee eee 1.9-10°13 
233 eee ‘ eee e230 eae 2.2°10°19 
240 1.1-20°29 eeu eee soeeeees 2,.91-10°13 
261 ee0e eee eee eee 2.$-10°13 
250 9-10°14 eee eee (1,521.6) 30°23 (1.121.9) 10°23 
260 6.9°10°14 eee eee eee 1.$1°10°33 
270 ase wee wee (9.410) 10°24 1.191072 
275 esa eeu eae gee @.9°10°14 
280 ease eee eee eee 9.31°10714 
290 eee eee eee (5.8°7.0) 10°14 7,68°10°16 
300 eee aee eee sea (526.27) 10°34 
310 ace eee eee (3.84.7) 10°84 5.16.10°34 
320 oan ace eee eee &,29°-10°84 
330 ace ace aes (2.623.2) 10°24 3.58.30°34 
940 eee ace eae eae 3.02°10°14 
350 eee eae eee (1.0-2,2) 1074 (2,123) -10°24 
960 eee ace eee nee 2.16°10°54 
368 eee eee eee (1.421,5) 10°14 (1.41.8) 10°34 
970 eee eee eae ace 1.67-10°14 
400 ee coe cae eae 1,5°10°14 
9,3°10°15 
405 oe ase con ia estie cot$) 10°15 
450 one ace oo see (1.0°4,8) 10°15 
$00 “20 cee see cee (2,3-6) 10°15 
$50 -. eee ase os (2 g-4) 10°15 
600 ee eee _ as 2,10°156.8. 10°16 
650 os ore = = 1,10°'53,a-10716 
700 — os eee ase 7+10°16 
720 =< wee eee oe (1.2 4 0.3)+t07l6 


Above notations are conventional deastgnations of 
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the satellites, 


ALTITUDE © km. 


700°" 


~~ a “ 
LOG Density in ko/m? 
Ronge af poseldle Daylight and Nighttime denelitiee ae com- 
“9 by Jacchie (Santineuaion Sceciali Report No. 39) ve. altitude in am. 
comparison with the AROC Model Atmosphere (969. 


Figure 4 
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The attitude of the geephysiciet during ths pest few years toward 
the subject of atmospheric denaity has bean changing. The notion seemed 
te be quite geteral emeng the primary investigators thet the deneity 
profile was an invariant aud as a ¢apult the construction of static at- 
moapheric models was @ popular pasting. The satel tite-drag deta hae teen 
inatrvmentel in demmmoteating that the es spharic density hes ‘aenetderable 
fine structure abeve 100 lun - oxhibs ‘dturnat and seasonal variations | 
os well os thees”suiteleted with sun opet inden, degree of suroral ace 
tivity, ete. Tharefora any particular static model is incapable of 

appvonimating the atmospheric density for all locatione end times. The 
relation of sataliite drag te oebitel and atwoepharic peremeters has bean 
dovtved by savers? tavestigators including Ring<Hela, Cook, and Werver (2) 
ond fs given approximately by 


Aut Baa fF lve 
tr Cae fz)] (1) 


where 
P © etmoapheric density et satellite perigee 


H © atmospheric scale haight near satellite perigee (function 
of temperature and molaculer weight). 


Cy = rag coefficient 
dP/dt = satellite acceleretion 
m = mass of setellite 
A = effective cross section of satellite 
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FP = factor to account for rotation of stmosphere 
G@ = orbital eccentricity 


e © eeni-major axie of orbit. 


The diurnal component had baen anticipated in the eerly investigations 
on the upper atmoepheve - at laast for altitudes above 90 um. However, 
rocket. observations were too itolaced to ratolve tne queetion definitely. 
(tadead the Fert Churchill flights (to 200 km) demonstreted « high 
guéneure (er density) which wae tentatively interpreted in terms of tem- 
poral varietione.) Even the satellite date from 19578¢ and 1957 p 
where periges cocurred at about 200 hm failed to conclusively enkibit 
the sppropriate correlations becaues of the masking affect of very 

ehert term perturbations due te soler flares end enhanced woenst 2¢- 
tivity. The data derived from Yenguerd T and ite cerrier 1998 P, and 
By +) wath a pertges at 650 km ale could not demonstrate the diurnet 
density vexiation during ite firet yeer since ite perigee remained in 


the eunlit portion for the entira period between leunch in March, 1958 

until mideAprdi of 1959. However, eince 1959, the periges of thie peir 

ae well as the perigess of 19590%,, 19590%,, 1999 8,, 19598), and 1960 0, 

have made the treverse from eunlit portion to the eercth'e ehedow and/or 
vice veree. These letter eetellites have perigeee between 180 »nd 650 ka 

end orbitel inclinatione of from 32.9 to 51.3 degrees. These inclinatione 

therefore eetablieh the regione within which the dreg date his fully 

estebliehed partisuler tempore] variations. A review of the drag dats 


from eerlier eatellites with lower perigee altitudes indicates chat there 


wae a minor affect - a density variation dependent upon tha GSP angle in 
whieh the magnitude of the variation appeered to decreese with decreasing 


perigee altitude until the effect disappeared around 200 ha. 


Aecerding to orbital cheery, low alecitude eatellites orbiting in 
an atmosphere whoee density ie a function ef eltitude but not time would 
exhibit a pariod with a systematic decreaea (dacraasing altitude of perigee) 
whieh depends only upen tha itaveriant density-altitude reletion. For 
such a situation, the rate of change of the orbital period would remain 
sosentially constant for leng parieds over the mall range in periges 
altitude, = 


— * The Hhearved drag date clearly chewed thet the large veriatione in 
of the eételiite from sunlit to deck ragten (er vise versa). 


Wowever, @ more careful axemination of the data showed that even 
during the ties when tha periges continued te remain in aither a suniic 
er a dark ragion of the atmecphere, the rate ef changes of the period 
appeared to be invercaly related te the angular distéace ef perigee from 
the earth's sub-selar point. This angle ie referred to es the geocentric: 


eun-perigee angie (G8P) and, of course shows a diurnal and seesonal veria- 


tion to a fixed terrestrial observer. 


Jeccnie has examined the varietione in atmospheric density end 


observed in addition to the lerge diurnal effect the atmospheric bulge 
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which occure in the general vicinity of the sub-soler point but perhaps 


deleyed two hours due to the eerth's retetion): ‘ 


@) en erretic fluctuation with e main component definad by e 27 dey 
petied exeeliontiy cerreieted with the obscrved solar flux et 10 and 
20 om wavelengths, Belew 200 km, the flubtvatione are smali end in- 
dependent of the O37. At heights sbove 200 tm, the fluctuations are 
Longe in the eubeoler bulge but renein enatl fm the earth's shetev. 


Bo teanedent inewcesee in Che density of the entire atucsphere 
(ewe oush events in vhich the perturbation was in phase with the magaotée 
eters 60 for as intensity sed duration vere concerned. 


Ze mest be potnted out that these conclusionc depend upon the 
sdtsliite-drag-derived date in which the observable involves the preduct 
of tha density end the squere roet of the sesle height. Sinee the letter 
te a funetion of tempereturs and since tempereture and perticulerly the 
életeibucion cf perticle energies is unknown, the density meesurements 
may be subject to some further ambiguity. 


Jecchie hes worked out en empiricel formiletion of the expression 


a in terms of the geometric height, the 20 em soler flux (7...) and the 


enguler distence from the center of the diurnal bulge, vis., 


pu wa £4) Foo [ + 0.165 ( oxp (0.006 Z) - 2) cos? cy 


(2) 
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Compariaon of thia relation with the observed behavior of the satellites 
is given in fig. 5, and the diucnal bulge as a funetion ef altizude in 
fig. 6. 
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Piguce 6. Neighte of Surfaces of Equal Density above a Grest Circle Aarons the 
Diurnel Bulge, Computed for a 20 om Solar Flux of 206 x 10°22 watt/en? 
cycles/eec. The value of logpuorreaponding to each curve fe show 
(after Jacohia). 
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2.3 suroxe) Zones (latitude variation) 


In addition to the diurnal bulge eseocieted with solar electromag- 
netic redietion, Jecchie has noted apparent reletfionehip between the 
observed atmospheric density end the seler corpuscular fiux (the soler 
‘wind"), Since thie stream ie prodéminantly tongaed, corpuecies tend te 
ba confimed to the field lines end enter the lover etmesphare preferen- 
tielly in the auroral somes. Indeed, a8 atationsd previously, preesuzs 
measucements at eltitudes near 200 km over Port Ghurehitt were wuch 
greater than theea mesoured over lower latitudes. pa emcee 
refer te different phases of the solar eycle, but it was euggeste 
dn atten eastitne. ak: Cb tettens he tne on tenn etaainh tl dl We 
aurercl particles. A consequence of this concept involves the affect 
of auroral ectivity on tha thermabelence of the atuvephare (first con- 
sidered by Bates!” During © strong ore, the photon flux of the firet 
negative syeten of nitrogen is about 5 x 10 cn”? sec” comment 6?» 


which, veing the epprepriete croes sections, corresponds to an tenisat ion 


flux of about 10! 13 on “t sec. The aseecieted thermal energy trans ferced 


to the atmosphere will be of the order 10° ev om”? sec”. The eltitude 

distribution of the best source will heve much the same shape es the 

luminosity curve so that the energy will be deposited in the region 

neer 105 km for the majority of eurores. The mean thermel energy sup- 

plied by tonising redietion to the region ebove the bese of the yr, layer 
es ee (8). 


is et leest 1 x 10° ev cm = sec (Bates Although the heeting 


associated with visible auroras cannot be significant within the content 
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of the overall thermobalence of the atmosphere (Betes “©, epprecieble 
lecel heating mey occur. If we adopt 10 km for the vertical extent of 
@ etrong arc, the essociated heat cource fe about 10° ay on”? see’, 
which for number density of 4 x 10°? om”? yeetee « cece of sete of 
thecmal energy per perticle of about 2 x 10°? : 

riee ie therefore ebout 5°K per minute. In some suroras the luminosity 
distribution te greatly extended in eltitude (tereng, “ neveng end 


Chahoie, ‘29, and @ rapid rise in tempeteture may qecur at the upper 


lewels. The tise will be limited by air motions and by heat conduction. 


ition, Netiwein ond Ludwig’*®) ong xeassovery*” awe drawn 


attention te the possibility that stmocpheric heeting may be couzed by 


particles from the Ven Allen radiation belts, Agets, es Saces"!9) tgp 
rémacked the eoteribution comet be of major importence te the heat 
economy cf the atmosphere. According to Betes, the required energy 
flew 19 4 x 1078 | vmerece Desster end Vestine™”) suggest 
on upper limit ef 6 x 10° 


erge sec 


: erge for the energy content of the radietion 


telte. A very short turnover time would therefore be necessary. 


The possibility thet the trapped perticlee cavee heating in the 


(15,26) 


auroral sones has been discussed by Jastrow He supposes that 


the heat source arising from tha perticles cen be written in the fern 


Q°FIrEn (3) 


where F ie the flux of energetic electrons, Wi ie the inelestic cross 


section, EB ia the mean energy traneferred per collision end "Y is the 
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ev ceo. The temperature 


(16) 


atmospheric nuaber dansity. Fez electrons of 10 keV, Jastrow takes 
vw = 19°28 on’ and & = 20 ev, pie eee to an effective heet 
tranafer cress section ef 2 x 10 ld ev on’ ‘ 


The eignificance of these values is not entitely clear, The 
primaty mechenten of heat tronefer te thet of momentum transfer during 
& colkieton end the ween enecgy treneferred per collision by a 10 hav 
electron te about 0.5 ev. The seseciated cress section te wncertetn but 
ie probably of the erder of 10° “86. 10°§? on 3 giving a prinéry heat 
tHenbfer exose section of between $ x 10°2* ey cn’, The primary cone 
tribution fe however nagligible compered te that arieing from secondary 
 ghecteane.” Thus the oan Sos Section associated with excitation 
eat seonguatton to ¢ x 10°'* ey on? O! angio tongs traction of the 
assocteted energy will ultimately ba converted inte thermal anergy 
(theeugh euch michanioms as diract elastic collisions of the secondaries 
and recombinetion processes). Asseciated with tha herting effect 
fenieation end excitation occur with effective avese sections (in- é 
cluding the secondary procesess) of about 3 x 10°87 ca’. The celeulation 
of the distribution of energy depesition in the atacephare by the trapped 
electrons presents a very difficult problem beceuse ef the dapertance of 
multiple scattering of the primary and secondery electrons, but the 
heating distribution should be similar to the luminosity dfetribution. 


In his computations, Jastrow hés adopted an aneray flux of 4000 erg 
on” sec! of electrons with energies above 10 kav et en altitude of 300 


km. He aseumes that the flux is inversely proportional to che ambient 
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deneity up to altitudes ranging from 400 to 600 km and deduace that the 
temperature in the auveral done will tion to about 2500°%. Rewever, his 
dsounad flux would also give rise te an electron production cote of 


Be 10° en”? see” end to 6 photen preduetion rete of at least 1084 


2 


— 


ge may be soatien that heating by fast particke eclitesens te 
aiveye sevecieted with the amen of Mententton ond apiece an 


TAMLE 4. The Adopted dupiicude et 300 hm above che duretel Sens, 
Q, ond T in the Pi-regten ond @ ot 90 be 


| Q 
cy (oxge/en" gec) a 


P2-Region 0m 
v0°20 081 (280 bmp | 2.08 « 10°88 


1.48 x 19°40 0.09 (200 km) | 1.01 « 10°24 
2.30 « 10740 1.38 (190 ke | 2.10% 10°83 
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a | iw 


Be Peqnonts Production Rate in the Lonosphere ( cm? eec) 
ge = 1, 0.3 end @.01 @/e, for Wavee o yooh 


Yee 300 a) (vertdeat incidence) (after Aka vote) 


2.4 Newkrel Composition 

Both nevtral and fonic composition depend te e large extent upes 
direct porewrdation of the ragion by selar corpuscles (photons, electrone, 
eae 
static periods to the dtereat pin iota the apactti 
densities would eid tn the ee 8 predic 
tent tone sapeare poetbia Pe eames mee : 
atau. iitacinatane. _ Se ert ap oe 
werk. 


Inopection of the Literatura on the oubject of number densities 
reveals a considerable lack of integration. fn Table 5, the reoults ef 
nisotec and Beces “%) are given. Theos are deynion deneition, yet their 
totele agree very well with the mean density ae giver by Minsner (1959 
ABDC Atmonphere). In view of the excellent werk of Jecehie ond the rate- 
tien of thie werk to the delineation of the proper use ef the Minsner model 
ae a meen of day end night-time values, the Teble requires coneiderabie 
modification. <A simple modifioation appiiceble to mid-day conditions is 


to retain the same relative deneities, but to increase them by the factors 
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which ere charecteristic of the deviations between the Minaner and 
Jacehia modele. Such a procedure was employed by Watanabe in generating 
fadvie 20. Munber densities et aight would require more fundamental 
ehangés Because of the radical decrease in the solar perturbation. 


Figure 9 te a plo: combining the Bates end Mieolet reaulte with 
eche resulte given by neiser . “2° The latter are to be coneiderad 


even more tentative. 


The vecular variations in conposition my well be exemplified 
ta the onene content. Figure 9 and 10 give some iden of the scope 
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Figure 9b. Latitudinal Variation of Osone Center of Gravity 
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Figure 108. Seasonal Variation of Onone to Air Ratio at Flagetaft 
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Figure 10d. Seasonal Variation of Ozone Concentration et Plagstaff 
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Pigure 10¢. 
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Figure 10d. Latithdinal Variation of Osone to Air Ratio 
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2.5 Positive lon Composition 


The presant atatus of the ton composition is samiler to that of 
neutral composition - too few measurements have bean made to data, and 
the composition may vary considerably with auroral or soler flare 


activity. 


Prom rocket flights conducted in the United States, the following 
positive tone have been identified a, o”, RAO", ¥,”, ie 0,*). In the 
E-raei0n the results of the Port Churchill flighte (fig. 11) indicate thet 
o,”, wo" » and o* dominate the ton meee spectrum, constituting about 97% 
of the tetel. (fee Figure 12 also) 


The moot etriking feature of the ion densities in the region of 160 
to 190 tm se the preponderance of the NO” (density of the order cf 
3x 10°/em?). Other charecteristies to be explained ere the deficiency of 
M,” and @", ond the opparent daurnal effect (the retio of the two dom- 
inent iene n cno”) in 0,") de lerger during the dey). Thie divrral 
effect met be coneidered tentative in view of the poeeible contribu- 
tione of eaesonal end evrorel effect (the meaeuremente being meade in 
different seaeone). A detailed analyeite of the problem of ion compoet- 
tion must take into coneideretion the neutral compoeition; the incident 
eoler spectrum, the photo-tonisetion cross sectione, the microscopic 
interactions of diesocistiva recombination, sesocietive attachment, 
charge exchonge, and atom-ion or stom: stom exchange, and perhaps the 
macroscopic processes of mixing and diffusion. Such en invastigetion is 


bayond the scope of this work. 
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Figure 12. 
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We shall take a quick look at the region of 190 km where tyofterl 


deaneities are: 


n (MN) = 2% 10° on™ n(e) © 3% 10° cm? 

n (M) © 6x 30°? on” io {* (WoT) = 3% 10° om” 

n@,) = 1x 1074 en”? a sr] 

n>) = 7» 102) 9°? | Se] = 0.5 
“3 ncnor ) night 


n (0) = 2.x 10° of 
. n (M,*) 98 10° on™ 


Bates tas suggested that fon-etom-exchange may be @ controlling 
factor. fhe votes of these resstions may be uo high es 16° on’ sec”? 
but the requirement of activation energy probably reduces - figure for 
ambient etmcepheric conditions to the order of 10°*? Ft on” B ‘ail ta 
conoidering the eesentiel property of exethermicity of the reections, 
enly the ‘ground etate of the rescting epectes can reblistically be 
mined. An inepection of the possible reactions (exothermicity 
but net r&tes) cen be made with the sid of tha petential well diagrams. 
Per exemple, among the following reactions (4) and (5) sre permissible, 
but reaction (6) is exothermic only when for reactants in particuler 


elevated states. 


w ("9° +0," cx? Tgp —> wotcx’ $*) + (FP) + 3.9 ev. (4) 
nn E*) + ot (Ag?) —w worn? £*) 4m (Ape) + 0.8 ev. (3) 


not cx" > 2 =) + OCP) we wore? St) + wcMe®y ~ 1.7 ev. (6) 
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One cen obtein some idae of the role of these reections by comparing 


t A] 
them with sey dissocietive recombinetion. Tire rate of 0," ¢e-P0 +0) 


el 


is of the order of 10°* om” $s, cunsequantly, the rate of production of 


DO at 100 Mm by thie mithod ¢e: 
(10?) (3 8 207) eno" @ 6 107 on”? at FO 
Resetione (4) gue na repenam aajie figure for production of yor anéd-O as 
(2 x 10°) cao’) cane, 


while reaction (3) for production of WO” and © yields 


(on 10h) an rotyciont, ns on 0 co? ot 


Identical rata ceaffictonts ens taken for the Lon-atem interchange 
reactions since the activation energy of the Conptenes (% -G@- 9)* and 
(N- He o)* ere unimewn end neither complex suffers ftom obvious steric 
hindrance. Although theea retee can only be considered @e tentative, 
the values arrived st do poiat out she probable importence of theee 


reactiene. 


In the Feregion, both the US and the Rueaian recket-borne mase 
epectremetere have identified of se *he dominant peeitive ion. The 
retios of populations of W’ te 0° are given in table 7 for eltitudes 
of 150 to 00 ka. 
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2.6 Neassive ton Composition 


One might anticipate on the basis of the published cross sections 
and mechanisms of electron attachment that the predominant negative 
fons existing in the D and £ regions at night will be 0, and OO. In 
the daytine, phato-detachment would be very effective in descroying 
thee negetive ion epacios. In epite of this, the only direct observe- 
tien (Tabie 8) on Ragative. tens wen made during e@ day flight; (ne negative 


aes F 


dons were ‘ tn the night fhighe). 
=. Perle @ 

fpasies dass AssaAt* Teas = kth. 

wo, “16 wth 96.5 

o . oF .1 $2 1.6 

3 29 0.2 

’ 22 1.0 

o” 1.663 16 0.7 


If the fect that the probe detected negative ions only in tha day 
flighte can be attributad te some space charge accumulated by the 
carrier and not a perturbation of the anvironment, the mesevurement of 
s completely predominant negative ion specis as NO, appesrs to have 


some baeie of validity. 


bb 


would be e rapid day tive process at 160 km and above. The veriicael 

detachment anergy of O ie known to be of the same order (1.465 ev), 

and bacause of ite high alectron affinity, exothermic charge transfer 
to another common atmospheric specie is improebabdla. O, can ba con- 

oumed with much greater aaca if ite vertical detechment energy ie ec- 
tually 0.15 ev (thie velua may refer to phote-detachment from the 

& z, etate). 0, eleo participates in atomeion end charge exchenge 
(0, + O=0" 4.0, + «5 av) + the rate being of te order of 10°F on 9e°?, 
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3. Jonosphers 


In diecussing the ionisation in the etmoephere, it is convenient 


to divide the first 1000 km of the atmosphere inte two regions, with 
the altitude of dexarcation orbit roughiy eet at 60 km. (This fe 
slightly lower than the boundery set by the competitive processes of 
mixing and diffusion (see Pigure 1.)) ‘The upper region ie sheracter- 
ised by the presence of free electrons which makes it susceptible to 
investigation by radio-frequency sounding while at the Lower altitudes 
negative tone formed from attachment of slesttsns to molecular oxygen 
pteceniuate. The regions may also be differen:iated on the besie of 
tonising egent. The lower region ie principally toniged by coontc 
rays whereas the normal ionoephere ie the result of phototonisation 
by soley electromgnetic radiation at energies equivalent to and less 
than Lymain-@@ . Since the sources of ionisation are distinct, the 
twe regione aleo differ in temporai and spatial variations (doth 
regulat énd abnorm)). 


3.1 Atmospheric Parameters (0-60 km) 
3.1.4 Yon Bauilibrium in tha Atmosphere 


The concentraticn of fons in thisregion of the atmosphere is 
determined by an equilibrium between processes creating fons and those 


removing them. 


The four basic equations for small ions (positive n> negative n 
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SMALL ION CONCENTRATION DUE TO COSMIC RAYS 


| | 
ge see 5/? 60° | geomagnetic latitude 
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Figure 13 


$0 


and large ions (positive Nos negative K,) are 


wisa- nn By nn, - Potato (8) 
oi eq-nn- Pinw- Bonn, (9) 
al Pont: Pon: UMM, (10) 
=! = Pagtate = Piatity = UM, om 


where q is the cate of production of small ions 
04 is the recombination coefficient fer santl ions 
che p 's are the attactwent cosfficients between email fons and nuclei 
¥ is the combination coefficient for lerge ions 


K, ie the concentration of uncharged nuciet. 


Unless the analysis is concerned specifically with the ratios 

n/n, and n/m, it 19 usual not to distinguish the signs of the tena, 

and n ie used for small ione (of each eign) and NW for large ions (of 

each sign). This also implies the assumption that ae ts Pas and 
P « Pas: Finally, it is generally aseumed that y ie omall 


enough that the tera J N,N, can be neglected. The four equations 
then reduce to 


on =q- on’. Pia nh P ao Me (12) 
> aCe (13) 


Under equilibrium conditiona this last equation gives the ratio 


of charged to uncharged nuclei 
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which aay be used to determine the tote! nucleve concentration by mea- 
suring the concentration of large ions. The email ion equilibrium 


#Q a ion becomes 
ra) ford 2 he | 15 


Thie formila has been verified in the atmoephere. In Table 
9 representative values of these relevant quantities ere given for an 
@ititude of : km for @ non-industrial region over land, for a mid- 
ocean area end for the idealised sase of no nucied, probably typical 
of polar regione at this eititude. 


TARE 9: Average Properties at 1000 x 


3.1.2 Exchange Layer 


The region of the atmosphere from the ground up to a few km is 
characterised by @ conductivity emailer than that deduced from cosmic 


ray measurements. The upper limit of the region is often sharply 


defined and varies with meteorological conditions from 1000 to 10,000 


feet with an average of 6000 feet. 


$2 


In this region the ionisation rate is augmented by terrestrial 
scurces and the rate of destruction of emall ions increased due to 
combination with charged and uncharged Aitken nuclei. The nat reeuit 
ie a reduction in the concentration of emiil ione to 20 to 30 per cent 
of the value computed from comic ray fenieation, the lower veiues 
baing found near sources of atecesheric pellution. 


Wherese above the enchange layer the atmospheric conductivity 
shows negligible variation with tims, a large variation ie found within 
the layer, The release of nucied inte the atmosphere and the turbulent 
and convestive mining in the onchange layer Gl} chow « warked 4surne} 
variation which redulte in a corresponding variation of conductivity. 
There ie, in addition to thie more cr lees reguler change, an irreguier 
veriation in conductivity corresponding to eiremoee changes. Z 


3.3.3  Smnil Zon Cancentration 


Above the exchange layer end up to a height of ehout 60 km, the 
concentration of emll iene fe fevad to be given by 


qe of a* (16) 


where q ie the rate of produetion by cormic rays and o¢ is the recombin- 


ation coefficient for emall fone. Since q¢ ie a function of geomagnetic 
latitude ae well as height, the variation of n with height 14 aleo a 
function of geomagnetic latitude. Values of n compited for the four 


geomagnetic latitudes ca 38, 51° and 60° are shown in Figure 13. 
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Below about 3 kw the occurrence of Aitken nuciei and terrestrial sources 
Of radioactive fonisation reduce the conductivity below tne values 


given, 
3.4:4 Reccudiadtion Ceafziedent for tamil fone 


the recombination scefficient for small iene in dir ie a function 
of temperature end pressure. Over the presevre range 760 wm tg down 
“to 10"%ee ig (0 to 73 bm altitude) the coefficient ie satisfactorily 
given by Thompoon's exprese ion: 


we a 1.73% wey Qy € (x) i (4?) 


neve 2 te i seentitons (degrese Raivin) 
W fe the mean molecular weight of the tone 


~ fe the povameter 6,61 (2's) 


in which P so th ptesouse (am Up) Oud tg/S 40 Vib winks Or OY 68. ths 
men free path of c soleeule to that of en fou, and the function 


tier. oe [i - men “Ty (16) 
¥% 


de given in Table 10. 


Values of & , aseuming MN = 65 a.m.u. and L/L © 3, for the 


1959 ARBC Model atmosphere are given in Figure 14 for the range 0 to 


e oi 
00 km. The sea level value for this model is Of = 1.60 x 10 ¢ ou ine ; 


For heights greater than 30 km, the function £ (x) may be | 
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closely approximated by £ (x) = 4 «/3 ft < 0.03} 
and the formula for & besomes 


4 22094! | 
af » 6.18 x 19°? ( a2) (3) T > 30 ton? (19) 
$.1,3 Sedeard's Formuiae for Attachment Coetfiotence**? 


Four attachment cosfficiente are dafined a0 tottove: 
P,,, vetwven poctitve eunt: tone and meskes having » positive charge 


Fi, mene tons and woetet, taviag p poritive charges 


Bj, derween poottive onatt lun nd mca taving p aagativa sean 
Ps between negative sult Lond nd suotel: Sooke.» negative charges 


The —— given by 


Fe te er 


fi, * Ce _ %) a 
Pi» rye P 7 


wane cin on f(t esl 


and D' and D" are the diffusion coefficients of positive and segative 


email dione: 


v= [G)"Jom [a8 ‘fom 


(21) 
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where PF is preseure in om Mg and T ie tne ebeolute temperature and a ia 


the radius of the nuciei, 
1) = ak'/D'a semcrjoan (6.28 x 10a) (290/2) (22) 


where K' and BR" are the nebiiicios of positive and negative smmii tone 
and @ fe the electronic charge. | 


In tha practiond application te ten squilivedum in the etene- 
phere, it te veusl to eseuns BD’ > BD end K' * Kk". in thie eae two 
of oppeotne vign (p= <1), and 

P xo (" Prag) tot atvocheett of emit tons with unchanged 
muelei (p = 0). 


Thue 


i ‘¢ 


z¢ H »#h) (29) 


g soe 
10 Cf) 10) 


where D ie the mean of D' and DBD’. Values of 2 aa @ function of 1} ere 
given in Pigure 15 for integral values of p between -4 end +3. The 


variation of P yp and B 19 With sige is shown in Figure 16 for ses 
level (P = 760 mm Hg; T = 266°RK) end 10,000 ft (P = $23 mm Hg; T = 268°R) . 
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Figure 15. Effective Coulombic Force Versus is 
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$.1.6 Tonite Mobliity 


(a) Small Ione. The mobility of emell done at room temperature 
(200°K) and 760 wm Mg are 


i 


hele ed'cmn”* ven 


kh © 1,7 ontsee”? voit”= 
The mobility 40 iavereely proportional to density; hence, the 


value at any height my be eneily computed using the facter (9 / P, 
given in the ARDC 1959 Medel Atmoephere (see Figure 17 und Table 3). 


(ob) Lecge lone. The mobility of large ions in the lowest few 
km of the atmosphere ie adequately: given by the Stokee-Kiliiken 
relation: 


hoe / (6% He) (24) 


where @ is the electronic charge 
| ie the viscosity of sir 
a ie the radiue of the ion. 


The atmospheric large tone are assumed to be singly charged. Values 


typical of conditions over land and ocean ere 


(a) ; (kK) ; | 
Land 2x 10°°en 0.0024 em@esc”! voit” | 
Ocean 8 x 10°" cm 0.0006 wa’ eee™? voit”= 
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Figure 17. Mobility of 6mll Lene ef One Sign Vereue Atmoepheric Denaity 


3.1.7 Bileetricel Conductivity 
The conductivity due to fons of mobility ky ie 


e 2 
r, meh, (25) 


where %, de the concentration of tone and e thetr charge. In the 
atmoephere the ¢ontribution due to large iene ie negitgibie and oniy 
omatl tone are normily considered. 


Cutag Co Che CHEE CREED Oe, WORD RETR Cle vertenion fa 
conductivity >. sinly dedermined by the mobdiity whieh varies inveres= 
ly an density. Rence the conductivity inerenses rapidly with height te 
the atmeephere ae shown in Figure 18. The total conductivity dw 
pletted where 


he det Arened ony (26) 
3,2 The DeRegion 


The Deregion (epproximately 60 to 85 km) has eleetron-ion 
pair production processes which ere to some extent distinct from these 
charecteristic of the main ionosphere. The cegion is of particular 
interest for, because of ite relatively high electron collision 
frequencies, it te the seat of ebeorption or even blackout of ionospher- 
{celly propagated redio waves. Soler rediation reaching this eleitude 
regime (see Figure 19) ie basically limited to X-raya below 10 A, 


Lyman- of ( X 1215.7), and photons with wavelengthe greater than 1600 A. 


U3 


| 
ATMOBPHERG CONDUCTIVITY DUE To CoBmIC RAYS 


gnetic fetitvde | 


10°" i038 10" 10" 10! 10 


CONDUCTIVITY (0.8.0.) 
Figure 18 
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In eddition to Lyman - OC there is some contribution of photons with energies 
lying between the Sctumann-Runge Lands of 0, (1800-2000 A) end in the 
narrow atmephoric windows at 2 1216, 1167, A 1267, A 1157, A 1249, 
and A 1108. Por the lacter individual wavelengths, unit optical 

depth of se"? molecules on”? cotumn”! ts noreiliy ettained for vertical 
incidence at about an aititude of 75 kn. 


Whereae the accepted solar fivx in the 10 tc 1000 A renge has 
been radically medified by the recent observation of Sousey*?” and 
of Ninteregyer ‘*) , the three spectral arene which are the principal 
sources of the Beregion aa reported by Nicelet ane ashen’ have 
remiined essentially unsitered. Therefore the accepted dynamics (out- 
side of some reservations in regard to compcedition), te still very 
nearly that given by these investigators. The fellowing brief summry 
of their material is ineluded for completeness of presentation. 


3.2.1 Composition 


X-rays are capable of ionising 411 the atmospheric species 
(mostly molecular nitrogen and oxygen at these altitudes); but Lyman- 
alpha can only fionise nitric oxide, and A 1800 the low concentration 
metallic etome of sodium and celcium. Therefore, the composition of 
the "trace" substances ere particulerly important to the dynamics of 


the tonisation. 


Teble 11 is Nicolet's version of the height veriatione of the 


particle densities of the main etmospheric constituents between 50 end 
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Table 11 (after Nicolet and Aiken) 


°afN-) = @700B ef the total cancentention a({ 28). 


tf 
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90 km. Also included are the absulute temperatures and the total 
nusber of particles in a om* column facnyn) . The total densities 
agree reasonably well with those quoted previously. In regard to the 
NO concentration which is important in ionisation by Lyman- & , the 
concentration is probably too low to be measured reliably. Nicolet 
hae obtained an estimate of the concentration by ineapection of the 
production and dissipation processes involved. Prom the dats of 
Kietiakoveky. and Voipt(25), the rate coeffictent of the reaction (N+ 
O,a0 HO + 0) 40 1.5 x 10°19 Th emp (-6200/RT) and the rate of the probable 
diseipative reaction of NO (as suggested by Nicolet, N+ NOOK, + 0) 
to 1.5.0 20°42, gherefore, the WO concentration is determined by 
the relation: 

n(n) = 10° n (0,) exp (-6200/RT) (27) 
with the proviso "that the number of nitrogen etome ere sufficiently 
eumerous". The condition, of course, points up the tentative nature 
of the anslysis. 

3.2.2 TLontsacion 

Nicolet and Aiken@*) discuss some aspects of the ionisation 
mecheniome whinh contribute to the D-layer formation outside of the 
auroral sones where solar protons and electrons can be the controlling 
feature. The details of energy deposition of coramic rays and solar 
corpuscles are discusssd in Cosmic Rays end Geomagnet ism°*°) end in 


(27) 


Energy Loss Processes of Goiar Corpuscies in Air , both 
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by Nawrocki and Pape, Nicolet and Aiken give the following rough 
eatimate of the geomagnetic latitude effect. The ionization rate ‘cce- 
mic rays) at altitudes above 40 km is related to the geomagnetic 
latitude @ by 


q( q )s a, ( d ) ig om” sec”. (28) 


where a is taken to be 2.5 x 10°? em”?, and n is the molecular concen- 
tration at the altitude (s). Por a representative case, thesa investi- 
getters conclude that there is a factor of approximitely 10 in going 
from the magnetic equator ( a = 0°) to the magnetic latitude qd = 40°. 
Their further assertion that the electron density varies ae qe cannot be 
considered realistic in view of the preponderance of 5-body attachment 
(e+ 20.) @e a loee mechaniom at theee altitudes. For such a diseipa- 
tive machsnaion, the electron density varies linearly wita the production 
rate. Thie feature fe borne out qualitatively in Figure 20 giving the 


variation with altitude for the ratio of negative ione to electrone 


The X-ray contribution to the ionisation rate is given by 


qaqa ” , where I, ie the solar intensity and Oi othe 
crose eection for ionisation, both at the wavelength r . The mechan- 
deme for ionisation, predominately photoelectric and Klein-Nieshina 
effects, (cross sections calculated by Dalgarno) are discussed at some 
length by Nawrocki et 01 be particular interest are the data gathered 
from tha litarature by Nicolet and Aiken for the variation of the 


ionisation parametere with solar activity. Tables 12 and 13 give the 
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Figure 20. 


ioAs ava, 
At a’ya, 


a 
RATIO OF POBITIVE OR NEGATIVE (ON8 TO ELECTRONS 


Variation of A and 1 +A with Altitude (after Nicolet and Aiken) 
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Tadie 13 


variation in X-ray intensities (1) end the fonisation coefficiente (1 Ls ) 


with solexr Activity end'et sero optical depth. 


Nicolet's suggestion concerning the possibility of the phote- 
donisation of WO as a contributer to the icnisstion of the Deregion 
wae placed on a quantitative basis by the photo-fenisation experiments 
of Watanabe and Marto. Watenabe reported that at Lyman- o¢ , NO 
had an absorption ercve section of 2.4 x 10°" on” and en senisation 
Gross section of 2 x 10°28 on? chat Lyman- 04 could penetrate to 
the eititudes of the D-region ume demonstrated by the measurement of 
Watanabe et a1 who obtained the absorption crese section of molecular 
oxygen as ice. Tt remained for Nicolet to caleulete the 
concentration of WO and relate Chis to the Lyman- of flux of 3 ergs 


en”? sec) nensuredty Renee. 


The fonisation rates for the various radiations were co puced 
by Nicolet and Aiken eccording to 


ayo 43, O° “| +5 nk i wo | (29) 


where the j subscript refers to the jth conetituent, 1 is the tonisa- 


tion rete coefficient corresponding to sero optical depth and the ex- 


ponent refers to the unabsorbed fraction. In other words this term 
corresponds to the optical depth Ty for an overhead sun multiplied by 
the soler senith distance X . The optical depths for Lyman- O¢ 


and X-rays are given by 
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L. 

q en (0,) K. (0,) # (30 
* 

Te acd ko 


whete Kg, is tha absorption crose esetion, The unit option) depths for 
an evatheed sun fer x ad Lymn-o( radiations ere: 
® ) a oo @ é 121¢ 
Aleitude (km) 70 60 $7 7$ 


The conventional equation of fonisation belew 60 xm is given 
by Wicolet and Adken us 


e+ By -e. - ee ah (m1) 
where ¢ j denotes the electron production rate for the j specie, “. 
represent the effective recombinance between positive ions and electrons 
end A che ratio of negative done to electrons. Assuming that processes 
dealing with attachment and detachment of electrons are rapid then 


éAW /dt = 0 so that 


én Ze XA np? 
anal ta oid « ; 
dt 1+ e"e — 


This then represents a practical equation for calculating the variation 
of the electron concentration. Teble 14 and Figures 21 and 22 give 

the calculations of Nicole. and Aiken for the expression (nva) pro- 
duced by the three sources et altitudes of 60, 70, and 60 km, the 
variation of electron density with solar senith angle, end the veriation 


of the electron density with solar ectivity, respectively. Figure 23 
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3.6 x 168 
4.1 < 10! 80 x 104 


68 X10 em? & (1 + A)njt 


x 
x 


7.0 < 36 
78K 10° 38% 10 7.0 x 10* 
1.84 X 10° ema? = (1 + Ap,? 
= X Rays Lymase 
see sine 
66x 10° 8.0% 16 

1.8 x 16° 
8.4 10 3.4 10° 1.8 10° 
1.8 < 10° emn? = (1 + A), ! 


Table 14 (after Nicolet and Aiken) 


Figure 21. Variation of the Electron Concentration with the Solar Zenith Die- 
tance when Equilibrium Conditions are Considered (after Nicolet and Aiken) 
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Figure 22. Variation of the Electron Concentration according to Solar 
Conditione. No effect from 35 to 100 A ie coneidered (after 
Nicolet and Aiken). 
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ELECT | | a” 
Electren density profiles, D region (GO-90 km) 


gives some estimate of the effect of auroral particles on the fonisation 


in the D-region for magnetic latitudes greater than 60°. 
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3.3 Sha wand 7: Biascnd: 


The two competing theories for the formation of the B ragion ere: 
(A) photofonivetion of Qs, 


0, + WY (800-1027A)e@0, +6 (39) 


as proposed by Wutt and doming’"®) ond modifios by uicoiee (29), 

(8) generel Lénination of air by soft X-rays (10-100 A) suggested by 
vegard’2) ana wutture’?!)in 1998, subsequentiy, seny investigators (Ref. 
94-41) Rave mede studies to determine the dominating process; however, 
cheese studies were baesd on rather incomplete data and often on 

incorrect esoveptions euch an blackbody soler spectrum. Most inves- 
cigatore‘*?) seem to faver the X-ray theory on the basis ef intensity 
measurements by Syren, Chubb, and Friedman’*3,25); wate Watanabe, 

Mare, end Presenan’°®) have given reasons fer not rejecting the 
molecular oxygen theory. 


Watanabe 's study differs from sarlisr work in that a flux (0.6 


erg on“sec"! or about 2.8210 photons om”“sec’) in the region 
600-1027 A ie much higher than provious estimates (lees than 0.001 
erg om*eec™) by Byram at a‘? and about 0.01 by Ramiyama‘4!), The 
higher flux ie still about onechalf of Ninteregger's value‘? at 
210 km. For the soft X-ray region, 10-100 A, the value observed by 
Byram gt ay? 


was used. 


* Section 3.3 through 3.36 were taken from GCA Tech. Report 60-3-N 
prepared for NASA | 
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If che selected intensities are epproximately correct, soft X-rays 
contribute lees chan 5% to the total ionisation rete in the B region. 
Thos the production of the normal B leyer is apparently due to photo- 
sondesation of O2 by the ection of ultraviolet radiation in the range 
800-1027 A. Some O° tone ere formed in the upper 8 region by 
radiation in the spectral regten 060-911 A which includee the etrong 
Lyman continuum of hydrogen. 


During the time of flares, the Xray intensities may be enhanced 
considerably end may make a greater contribution to the B region 
electron dansity. In fact secording to Friedman (44) Xray intensities 
as high as 1.0 erg en°*sec"! have been observed. Nowever, in view 
of the diffteulty in che interpretation of photon counter daca(43), ic 
seems desirable toe further etudy this epectral region with monechron- 


ators. 


According to Bicolet and athin’*4)ehe dissociative recembination 
rates for Wa* is Sxi0*” omeec"! and for 02, 9ui0™? cmtecc"!, 3¢ these 
rates ere approximately correct, the effectiveness of Xoreay ionisation 


ie reduced because the slower reaction 
0,* +e wd + o” 
will tend to control the electron deneity in the lower £ region. 


As the eltitude increases, the reletive amount of OF ion increeses, 
additional amount of radietion in the region below 911 A becoming 


available. Following Bates (45), the recombination of OF ion may be 


Bt 


largely controlled by the reactions 
0 *+0,-0,* +0 (34) 
0 +o =——0' + 0" (95) 


where Eq. (34) tends to become the rate limiting process; on the other 
hand 1", recombines rapidly by dissociative recombination. 


The Watanabe computations show thet the base of the B region te 
controlled mainly by Lyman-beta and partly by ether radiation in the 
epectral region 1000-1027 A where MN, ie very treneperent. For exemple, 
in the case of Z = 0°, Lyman beta contributes about GOR of the total 
foninetion rate et 100 km and about 70% at 105 km, eo that the electron 
deneity curve in the region 95-105 km should elesely approximate an 
ideal Shepman curve. Above this region there is increasing super- 
position of Chapman-type curves due to several prominent emission 
lines in the epectral region 900-1000 A. The resulte for the lower 
RB region appear to be in harmony with the description by Ratcliffe 
and Weekes “45, "The shape of che layer and the way in which ites 
height varies through the day are roughly what would be expected 
for an equilibrium Chapman layer found in an acmoephere of scale 
height 6 km, with dts peak at « level of 105 km for vertically 


incident fonising radiation". 


3.3.1 golar Flux and Photoionisation Crose gections 


The recent advances (by means of rockets and satellites) in the 


measurements ot the parameters of the upper atmosphere permit a more 
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deteiled and quantitative study of the photoionisation rates than was 
previously possible. Nicolet end Aikin’24) hed accomplished this in 
the D ragion where the critical spectral ranges are 1100-1340 R. 
Calculations of the ion preduction rates depend upon thres basic data 
the soler ultraviolet flux, the composition of the atmoephere, and the 
eross sectione of the various reactions (macroscopic motion such as 
vertical drift ere tentatively neglected). Teble 15 gives reduced 
versione of the solar flux (ae deduced from the mecsurenent of Tousey (22) 
end Ninteregger 23) ) and Teble 16 the composition. The totel densities 
weed by Weteanabe es given in Fig. 2 do not include the G.8.P. effect. 
Rewever, below the Fe2 maximum, the differences between these totel 
densities and theee of Minsner end Jacchie ere omall. For the spectral 
renge 911-1027 A, the lieted velues lie between thene of Tousey and of 
Minceregger, che latter being higher. Yor the range 100-911 A, che 
selected flux ie about 30% higher than the flux observed by Hinteregger 
at 210 km but ie about one third their extrapolated value. Such en 
extrapolation, ef course, depends on the choice of reference atmosphere 
and absorption cross sections. For the region 19-100 A, the total. flux 
given in Table 15 is a little higher than the 0.1 erg om”? sec”? 
obtained by Byram et ai ‘4? whe matched the responses of three photon 


counters to a single coronal temperature. Some values in Table 15 


are Watanabe's estimates based on visual comparison of emission lines 
in the solar spect rum(47) , The uncertainty in the total flux is 
probably no more than a factor of two, since Hinteregger has used a 
photoelectric technique which is very amenable to energy calibration 


and quite insensitive to scattered light. 
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TABLE 15 


Soler flux, q in the 10° photons em**sec’!, for the epectral range 
1027-10 A at normal ineidence euteide of Earth's atmosphere. The 
q's of weak lines and continuum are lumped together for each interval, 


while q's of prominent lines ere listed separately. 


X (in a) © A (in a) Ww 
98 an eee 10 
1011 Lames 2.5 610,625 Mex 10 
1000-1027 9,5 $04.3 et 13 
909.0 W228 10 554 0 tv 2 
977.0 ¢ 288 ry) $9) Net 4 
072.5 te 9.7 $20 64 Xz e 
09.7 we 4,0 500-650 60 
997.8 we 2.3 age a4 xtt 5 
994,966 8 VE 1.9 909.8 He 22 66 
990-1000 6.7 300-500 63 
911-990 19,7 250-900 21 
§30-911 134 170-250 25 
634 O I1,%tt 6 100-170 4.5 
900-850 21 60-100 4.2 
768,790 0 IV 5 40-60 0.5 
770,780 Ne Iit 5 20-40 0.15 
650-800 71 10-20 0.015 


Number density n (in perticles/cm) end layer thickness L (in cm 


TABLE 16 


reduced to STP) at various eltitudes H (in km) 


410 
415 


7.in10tt 
7.3 

4.2 

2.3 

1.19 
¥.0n1010 


3.3 


1.29 

6. 6n10° 
3.8 

2.5 
1.78 
1.26 
8.ixi0® 
5.8 

3.7 


1,16x10" 
4. anio%4 
1.55 
6.3n102? 
2.8 

1,32 
7.101020 
2.6 

1.10 
5.7"10° 
3.3 

2.1 

1.42 
7.52108 
4.6 

2.3 
81x10! 
3.2 

1.32 


1.9x10° 


4. anto*? 
1.62 
6.2x1024 
2.7 

1,18 
$.7x1081 
9.1 

1.09 


5.in10°° 


2.7 
1.62 
1.07 
7.9x10° 
4.0 

2.4 
1.12 
4.0x10° 
1.3) 


7.ax107 | 


1.6 
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L 
0 0, 
3.010"? 2.1ani0" 
2.96 6.4x10°4 

1.30 3.6 
7.an10° 1,63 

4.1 8.9%10°9 
2.06 4.7 

1.66 2.96 
1.07 1.41 
7.4n10°4 8.201074 
5.6 5.2 

4.4 3.6 

9.7 2.62 

$1 1.97 
2.37 1.22 
1.87 7.9x10°9 
1.35 4,3 
8.4x10°9 1.63 

5.4 6.5x1076 
3.6 2.6 

1.6 4x107/ 


M 
@.2n10° 
3.3 
1.46 
7.001073 
9.7 
2.16 
1.96 
6.0n10°9 
4.0 
2.69 
1.85 
1.36 
1,03 
6.2x10°° 
4.0 
2.1 
8.4x10°9 
4.8 
1.61 


4x1076 


OE eee aes faa 


. 


The lor.geet wevelength in Table 15 corresponds to the first fioni- 
eetion potential of 02 but it ehould be noted thet photone of lenger 
wavelengths can foniee en 0» whieh is in an excited etate. For exenuple, 
et @ temperature of 1000°R edout 10% of 0, molecules ere in the first 
vibretionel level; henee radiation of wavelengths up to 1043 A can 
ionize theese molecules. ta the eltitude region ebove about 150 km the 
scoler 0 VZ emission tines at 1032 A and 1038 A with inteneities 
(¢ x 10° pheten on”? eec”') comperabie te thet of Lyman-Beta can 
produce some teonisetfen. As to the ebeorption and photo-tonisetion 
crose sections, eutetent information appeare to be adequete since the 
effects ere integreted over many wavelengths. Wetenade(48) has 
reviewed the deta on absorption croes sections end hee listed in 
Table 17, recommended velves for 0, and N,. Similarly, Deigerne(4?) 
hae presented sets of recommended valuee fer 0 and NW atome from their 
feontsation thresheld to 0.1 A. 


The wavelengths correeponding to the fonieetion chreehold of 0,, 
0, and Hl, are, reepeetively, 1027, 911, and 796 A. Geleulations of 
photoienisation retee require beth the total ebsorption and the 
phototenieation croes sections of these conetituents, eince part of 
the eoler ultraviolet flux in the region below 1027 A is removed by 
ebeorption procesees not leading to ion production. For exaaple, 
solar iymen-gemme (972.5 A) cen fonise 0, molecules but it is almost 
entirely absorbed by No molecules at aititudes ebove 200 km and 
therefore makes a negligible contribution to the E and F regions. 


As pointed out by Kato (99) | pert of the svlaer Lyman~beta is absorbed 
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so, 


fore 


TABLE 17. 


Absorption coefficient |k Com?!) of Ky and 0, for some solar 


ultravielet lines in the region 200-1000 A. 


(We. £2) 
(We I) 
(Mg ¥) 
(0 TY) 
(0 1) 
(© 822) 
(0 8%) 
(0 £22) 
(0 £82) 
(C 23) 
(C 2%) 
(C 3%) 
(H 2) 
(Hf) 
(H ) 
(C 222) 
(N IZ) 
(HT ) 


R(Me ) R (02) 
200 900 
160 $00 
520 540 
600 
250 1 
$70 

92 670 
260 990 
230 960 
120 900 
300 250 

25 240 
250 210 
200 115 

90 160 

7600 1000 
100(7) 90 
( 7). 60 
0.01 45 
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by atomic oxygen, but the amount appears to be email (+) due to the fact 


that Lyman-beta is broadaned; thie ie aiso the case of Lyman-elpha‘?2) , 


Atmospheric absorption in the spectral ragion 800-1100 A which is 
iaportant to tile 8 region is essenitally controlled by 0, and M,. Por 
O,, beth the absorption: end photoionieation creso sections have bean 
measured by Watanabe ond Marno55) ac many wevetengths, Sut for Ne, 
published data ara shige partially due to the complaxity of the i, 
absorption spectrum. Absorption coefficients vary from almost sare to 
es high as 7600 on™! in this region, tome date by ttemote gt ai °* 
were vei. 


Por che epectral region 100«800 4 which te critical to the 7 ragion, 
available deta ava again rather meager; however, the spraad in the 
absorption coefficient ie comparatively emell ewing to the fact that 
centiauove absorption sete in for al. major constituents. The epread 
is probabiy from 100 en"! to 1000 ca”!, For exemple at 564 A, the 
absorption coefficiente of 9» Mo, and O are, respectively, 540, 520 and 
$30 em™!, and at 304 A, seepectively, 300, 160, and 250 en"), The 
photoicnisation yield ie aleo uniformly high, nearly 100 percent in 
most cases. Thue, errore in the cross section appear to be less 


serious than errore in composition. 
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3.3.2 Penetration of Boler Uitreviolet 


The scolar ultraviolet flux at sech eltitude is calculated 


hy means of the equetion 
q = G4, exp (- Bk, 2) | (36) 


where a, and @ ere the incident and tranemitted flux for a given 
wavelength, k, # absorption coefficisnt of each constituent, and 
L, is the layer thickness for esch constituent as ~‘ven in 
Tedle 16. The traneuiosion, T in percent, is defined by 


T = 100 (a/q,) (37) 


The results for particuler wevelengths ere shown in Pigure 
2% for & = 0°, Pigure 26 indicetes that for £ = 0°, radiation 
of wavelengths 600-1027 A is absorbed mainly in the altitude renge 
100°150 km (B region), while rediation in the renge 100-800 A is 
Geeorbded mostly at aititudse 140-200 km or the lower F region. 
Only @ email portion of the eoler ultraviolet is absorbed in the 
region ebove 200 km at Z = 0° since the absorption coefficient of 


1 


the geses is ieee then 1000 cm et most wavelengths. An inter- 


esting sxception ie Lymanegamma, at its wavelength, k = 7600 en”! 


for My end about 1000 en” for 0, The resulte for the depth of 


penetration are somewhat higher than previous cotinetes )” pecause 


the recent atmospheric densities above 150 km are higher than pre- 


eateliite deta, 
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60 | "a, sas NE : | 
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TRANSMISSION (per cent) 
Figure 24. Tranemission at Normal Incidence Versus Altitude for Several 
Solar UV Emiasion Lines Broken curve ie jor air with effective 
k = 1000 em”. 
90 
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The calculations cen be checked ageinst pnotographs of 
sctar woetrun.“*”) gor omenpla, the soler C 112 ine at 977 A 
panatrates to veut 120 ta and Lyman gamms ¢own to 200 km, in 
agreema:t with recket observationa Altheugh no eerioue éicerepén- 
eles are found, the calculations ere considered tentative eince 
che available spectra are ettll @ueufficient te parntt quenti- 
tative compericons, It showld eleo be meted that laboretory 
ebeorption coefficients may not be directly applicable if che 
solar entocton Line is uuéh beeader than the cofresponding tine 
vee in the leheratory. Taio eppeseote be the case in Lywane 
gemma, which fe indeed detectable at aitttudes below 200 tm. 


Figure 24 10 alse conatetent with the rapid c! ange in the 
scale height at ebout 120-170 tim, Since the manimm rate of 
eheorption af radigtion in tha range 100-1100 A acoure in this 
ragion, thare showld be considerable heating here. 


3.3.3 Phetoionisation Rates 


Expreeeions fer tea rate of fon-pair production in the 
atmosphere under the action of solar radiation have been derived 


previously by Chapman 99797) and ovhers (29°99) using various 


(35) 


assumptions. The originel Chapman theory eseumes monochromatic 


rediation, isotherma| etmosphere, and e single gas constituent. Tha 
theory hes beer extended to include other assumptions such es véery- 


(58-59) (36) 


ing scale height end band absorption. These derived expres- 
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Oe ao 
e = 


ee A 


eione serve as valuable theoretical background but cannot ba 
applied reedily to the present conditions (verying composition, 
varying scale height, complex seler epectrum end many absorption 
and phetoienteation cross sections). Therefore, it wae necesaéry 
to resort to numerical summation of the verieus componente for 
the layer thicknees. 


The photetenisetion rate y in ton-pair en”? sea”’ at 0 
given altitude <o given by the expreseten 


p> * = Gy (305, a,) (38) 


woere 4) ie the UY = fr a given wavelength at the givan 
steteude defined by Hq.(96) YY, = phocetonteation cress ecetien 
of each eonstituent at each wavelength, end a, fe the nuaber 
denaity ef each constituent at the given altitude, 


te te of dnterest te subdivide the totel p at each altitude 
into contributions from several epectral rengea: 911-1027 A which 
doniees only 043 796-911 A wadea foatees both 0 and 093 100-796 A 
which fonisee 0, 0, and Mi and 10-100 A which 46 absorbed in the 
B region. Figures 25 and 26 give the photofonisation ratee for 
z= 0° and Ze 043°, respectively. The broken curvee represent 
the contributione of the four epectral ranges ana the solid eurve 
with two principal maxima, 6 and ¢, gives the totel rate. Figure 


26 also shows secondary maxima between € and ¢. For Za 0°, the 
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Figure 25. 


lis 
100 1000 
PHOTOIONIZATION RATE (lon-pair cm-5 sec!) 


Photoionjzation Rate Versus Altitude for Normal Incidence. Broken 


curves give rates due to respective spectral ranges and solid 
curve total rates. 
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PHOTOIONIZATION RATE (lon- pair cm- 3 sec~!) 


c 
Figure 26 Photofonization Rata Versus Altitude fer Seton Zensen Angle Ra, { te b4 9 


94 


lower mexiqwa ie et edout 105 km (B region) and the higior 
aakioum is at oboul 150 km (dottoa of the r, region). For 
£ © 04.3°, the corresponding maxima have shifted to 120 end 
260 km, reepectivety. The lerger shift of the asxieusif 0 
due to the lerge ecale height in the region ebove 150 Na end 
is the besis for one formation of the t’. region. 


The shotoionigation fates ‘see Table 16) are, from 20 to 
100 times lerger then those computed by Mavens, Priedman, and 
Hulbure, ‘© and are more eerily in agreemsnt with rates implied 


by redio messurements. 


Table 18 


PHOTOIOWIBATION RATES (z0N-PaiR cH’? sac’’) 


Altitude (km) 150 200 250 300 350 
Wavens ef al 200 60 20 § 1.6 
mere = ee 2160 890 370 180 
2= 90° 17 6 las 135 118 


in sddit ton, Johnson (°!) found it necesesry to increane the flux 
used by Heavens ef PY ais by fifteen times in order to accoun' 
for the high temperstures existing in PF region, and his indirect 


estimete ci the flux for the He ti iine at 306 A ta remarkably 
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(23) 


close to Hinteregger 's results. 


The comperatively high ioniaetion rates in the F ragion for 
2 = 90° show that ionisation in thie region is not negligible even 
during the twilight period. The ionisation rate at about 300 ke 
changes only by # factor of two throughout the day, but et 150 km 
the change ie more than @ fastor of 107, : 


3.3.6 Pormation of the F Region 


Ae # result of the work o/ sackson(*® and others, the 
concept of @ vertical distribution of clectron deeity se « 
auccecsion of layere nee been replaced by chenges jn the gyedient 
of & monotonically inereceing function (to the P-2 meximum) £ and 
Py "poate" become regione of high electron density gradient. 


ferly thaortes °°?) ot the Pelayer usualy involved two 
differant sbacrption processes to explain the origir: of the two 
F regione; but according to Bradbury's nypothesia (© both 
"Leyere” are producad by the same radiation end the dowble leyer 
ie then due to the rapid decrasse of recombination coafficient 


(465,32) 


with altitude. Bates considers thie hypothesis to be 


essentially correct, 


Wataneabe's study of the various radiation end related cross 
sections has failed to reveal any photoionization precese giving 


Maximum, nNoonetime rate in the F. region, Aas shown tn Figure «4, 
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Lymanegamma ic largely absorbed in the F, tegion by N, rather than 


O,, #0 its ebsorption provides negligible amounts of ionisation. 


ss The: réddation venponeibie for the tonisetion in the P, and 
F, regions lies in the broad spectral range 100-1060 A, with ttie 
208 A line of He 1% ae the strongest enteeton Linu dnd with letge 
contetbutions from the Lendeation continua cf hydrogen end helium. 
As shown in Pigure 25, ultreviolet tadiation in thio range at 


vertical incidence produces @ maximum tonieation rate at 150 tu, 
however, it should be expheeiged that many wevelengths and several 
abeorpzion processes ere involved. 


A further insight inate the production of the P.~ ledge and 
f, peck can be obtained with the ai¢ of Pigute 27 which shows the 
photoionisation rates for different senith atgies. ae eunrise 


s 


the maximum ionisstion rete é ie et about 300 ka, epproxinetely 
coinciding with the height of the peak of the night-time electron 
density ( w to°en”*), Wenee during the hour period around eunries, 
there is « comperatively high “sutid up” of electron density at 
this altitude due to the combined effect of the low recombineticn 
rate and reletively high doniaetion rate. As the sun rises, the 
location of the maximum ionisation rete 9 descends rather repidly 


to the r, region, but due to the higher recombination rates found 


at lower altitudes, the r, electron density peak 4: 300 km does mt 
correspondingly shift downward; instead, a ledge appeire in the | 


electron density curve and descends to sbour 150 km. in other worda | 
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0 eer” — i000 
PHOTOIONIZATION RATE (lon-pair om-5 sec™)) 


Figure 27 lotal Photofonization Rate Versus Altitude for Four Zenith Angles 
Arrows show the direction of diaplacement ci the peeks, phi, and 
eprilon 
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the so-celled "epiitting™ or "bifurcation of che F layer ie the 
taault of the enhancement and persistence of the F, peek snd the 
movement of the r ledges, Thue thas study supports the work of 
pradvury’™) pares, 9") ana ornece. 


3.3.8 Roctsen Density and Recomoination camming esi chi 
teeta vertical @riét, the following equeticn my de. used 


to oot inate ehe electron shied ond ite variation with time, 


— ae 8 | tat om ik 


“ot 


where g ® electron density, qe effective electron p | f : eye ones 
ane w © effective toceubinstion conttistont, Soot sone varwen a 
OF mhew « wide opreeds fot enenpie Bates ond Mesney”??? ts 7 
t x 10*enoue"* tor che B layer (at 180-bm) ond Mites sd uy} 

have reported 5» 10°° om ane”? at 100 be ate 1.6 1o°8 oma” 

at 169 tm, The versecion of 8 wath altitude t¢ apprenimately 


represented by the broken curve in Figure or, 


Wear the bottom of the & region at about 105 km, photone in 
the range 1000-10." A produce most of the electron-ion pairs by 
photoionigation of 0, fabaorption by O and x, in negligible). q, 
the photolioniaetion rate, ie very omall «ct euneice but reaches shour 
100 cm°eec"! after he't an hour and exceeds 300 cm” nec’! in: 


hours. By numerical integration and avccessive approximi’ ion nm ts 
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found to iinevenee rapidly during the sane period so that during 
the greater part of the day dn/dt ie email compared to q and 
oh n*, Tate to queci-equitddrium or dn/dt ~~ 0. Veing O = 
2.5 * 10°" en? eee”, q * 1400 en"Seec” for 8 = 0, ne 2.6% 


Ion”? whtoh te the Correct Order of magnitude for the mtxinum 
electron density in the B region. it should be Sdded chat X-rays 
rede rome * and O° tons, the former recombining more rapidiy, 

WG the laveer worse slowly, than 2," lonic composition deter- 
snaee as” shove that ®,* ie much more prevalent 
sano ts tees «ste hse 6 cr Ce 
this sates op Gappeers to be euntrolled mainly by the disscotative 


90-0,". 


tn the upper 8 region et about 130 ky, che radiation in 
the region below 911 A as well ac radtacion in the region 912-1000 A 
plays an important cols, sepecialiy for nesr-vertical eum. Photons 
in these regione can ftonise O and i, ae well ae 0, . Since the loses 


rate of u* ie faster than chat of other ione, the calculated photo- 
fonisation rate (2000 om” eec’*) is reduced to an effective electron 
production rate of about 500 om” sec"). Thie value combined with 
eG =1.8 x 10S em3eec™! yielda n= 1.6 x 10° em? for the noon 
time electron density. Though thie density ie somewhat lower than 
that for the 108 km level, it does not eatablish firmly that 


there is shallow minimum fn the electron density curve. 
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Near the bottom of the ¥, region at about 160 km, the night- 
time electron density is about 10%cn”*, and eccording to the above 
cumerioal integration, this density ie increased to 10° an"? et the 
end of the firet hour after sunrise. Subsequent to this period, 
@n/dt ageia becowss amsll compered te q and of n*, so that queei=. 
equi ltoeiun existe ic. the ’, region, %f 4 - ae to be one 

chind the rateulated snaiesliiities rave (9700 ca”"sne"*) and 

os 38 x t0°%ca*eec”*, the mextoun electron density of the F 

4 an sn wea | thts velue is in lime with the ob- 

sn etn ny ah 1 i 
tain ively high °, concentration in the sesumed model atmosphere 

 Pavie 8): in other words, the slower recombination process is 

On wo fully effective as the rate determining process. 


i 


e 
2 
+ 
e 


| Ta the F, region at about 200 be, the night-time olectron 
density fe about 2 x 10%ca”?, ead according to the numerical 
iutegration, this density is dowbled during the first hour efter 


eunrise end subsequently increases rather slowly (compared to the 


situation at lower altituces). As shown in Pigure 27, the photo- 
donisation rate is nearly constant after the first hour. Por 


conetant q, the slectron density is given by the equation 
i | 
n © (q/O¢) tanh [< Qq) t+ const.| (40) 
and s approaches the limit (aint )*. Tf the affective q is 


one-third of the photoifonisation rate and O& = & x 107% om sec” “1 
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the maxitun electron density ie 1.3 x 10°em”? which compares 
feverably with observed value. It is to be noted that this is 

& somavhat simplified pleture of the dynamics of the fenisation 
of the ane. ew of the subesolar hulge(and ite 
iaplicettons concerning vertios! drift) would bave to be adced 

Ut tha fuanenraatore of th F-t agen ae athbiand tn Tigre 2 
49 to be generated us 


Fat» 


With the aenitits-deag wns, ‘eect weaouremente on the 
spadies, and the sadio date, it appears that the total 
density and the electron density (Figures 2 and 90) are feirly well 
known up te altitudes of 700 ka, At 700 km, Jacehia hee found 
chat verdetions in the deneity (due to beth random and solar- 
aeseeiated phenomena) may be ae. Nagh as a facter of 20. This, of 
course, implies that a atetic model ie of limited use at the 
extreme heighte of the terrestrial atmoephere. Present idese 

on the effect of the eelar wind in dietorting the terrestrial 
magmatic field (and thue the distribution of the dominantly fon- 
deed medium) tend to substantiate change as the basic attribute 

of the upper regions. On the other hand, it is presently consid- 
ered that even to heights of 700 km, the neutrel composition re- 
mine relatively unknown. In spite of the lack of information con- 
cerning the composition, it might be possible to arrive at probable 


values of the degree of ionization. This parameter is of some 
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importence to the theorist in that it marke the areas whare existent 
theories of hyirodynamics end magnetohydrodynamice may ba used to 
approximate the phanemene. Too fraquantly in the past, magneto- 
hydrodynenics hae been used in ragione whara the degres of ionti- 
sation te eté11 ensii. 


Betimates of the degree of tenieation at the aseymtotic 

point, the intersection of the terrestrial atmosphere and the solar 

ad.ere avadiable. Tovssy ot 01°22) nave made mescurements on the 
sebbchgeaghans of the collisionally broadened f- O¢ lines, 
Mintevegger **) nes tovectigated the altitude dependence of the 
Woter flux and concluded that if the man density of interplanetary 
epece (oun-earth) is of the order of $00 particles/en” and further 
that the recombination rateccoetgietent te 10" )%cn%eec™ (thie 1s a 
reseemsble value for a radiative recombination procese), then the 
dagres ef ionisation in the eoler corpuscular etraem is 0,999. 
With current astiaates of the axtent of the terrestrial magnatte 
field ee about 5 earth radii, thie determines the degree of iont- 
sation above 35,000 km. In Figure % values are plotted to 700 ka 
using thea alactron dansity of the Middia Latitudes at noon for sune 


epot maximum and the neutral denaitias of tha 1959 ARDC Atmoephara. 
Tha lattar te not quite appropriate cince Jacchia hae indicated 
that with thase sub-solar angles, Minsnar's verses at 700 km are 
too low by factors of 3 te &. The values between 700 and 2000 km 


(69) 


are taken from Gripp and Christian who extended the Mingener 


model assuming a conetant temperature in the region. The conetant 
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temperature postulate 19 not favorably considered by Minener, The 
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4. Seder. Specteun 
4.1 «8100 A Region 
The aajor obevrvational gep in the solar spectrum, 100- 
1100 A, - been tergely sioned during the past two yeare by the 


ox ot of?) pense ea. (70) 24 tousey at at?” 
“Mhete resutts Pigure 3, $2 and Table 19) show that the solar 


epee te region is quite éigterent #vom ell previous es- 


0 ar-oenane epsctea; ond for the Ciret time, caloulations 

| rt wates for the 8 and F regions an bo based cn 
eatnenes-cxtane ot Soler flux, Unpublished date mM, 72) 08 these 
investigations have eupplenmuted the published date in the construc- 
tisa of Pigqure 33. The evler spectrum in the range 100-1100 A. 
Se very eouplen; there axe weny enission lines, both weak and strong 
end there are alee emiecston continue euch es the Lyman continum +f 
hedeegen which provides a significant emount of energy. 


te te well know that radiation intensities in the x-ray 
segton can vary by several ordere cf magnitude, depending on the 
"eaetivity" of the sun. Moreover, inherent difficulties in the inter~ 
pretation of the measured x-ray photon count have led to ambiguities, 
Vor exemple, Friedman et el. originally report the x-rey fiux 
(710A) for September 29, 1969, as 10 erg cu“se:*, but: late: 
reinterpret the same date es indicative of a flux as high as 0,44 
erg on”? eect, Consequently, estimates fer thie region ir the 
cese of the normal sun may be in error by cre cr more order «ft 


magnitude. 
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Figure 31. 


THE SOLAR SPECTRUM- APRIL 19, 1960 
200 TO 146 KM 
USNAL 


The Solar Spectrum as Obtained from .ocket Experiment (after Tousey) 
110 
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Figure 32, Oxygen Absorption Spectrum as Measured from Rocket Experiment 


in the Altitude Regime 103-218 km (after Tousey) 


a ae Ce I BE MOP IR ee o - : 
> 


slele! s 
ye ie 
at SEEuad 

by PCT ea 
Hu’ =e uu 


7 GRRSESROOUUUE 
| Re rR ESR OURUE 
i “*} | | | | isiaieln Talay 8 


Tittle 
re SHE 


Table 19 (after Bistercgger) 
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For the region of 60-1300A, Dr. Ninteregger obtained 


10 erge on” eee” at 61 altitude of 210 km, of which 6.0 ergs 


en”? neo"! te attributed to Lyman-alpha. Me estimates a total 


“2 sec” Guteide of the terrestrial étmosphere. Ris 


of 15 erge cn 
Getimates pilus the epestrographs of Sr. Tousey are the principal 


Sources in this region of the epectrum. The total Ziux perti- 


ine ee i, SR am Mw 


| pavere '® tesulte (tor stanepheri ect) at yaar 


Por the region ef 1200-2100A, eetiastes of line 


Antenattion by Tourney ditter from theee of Violet and fens’? 


by a factor of about five. Greater weight has been given to 
fousey's date in view of tho lewar contribution of scattered 


Ae indicative of the uncertainties involved, it is 
estimated that the line intensities may be in error by a factor 
of two in most cases, but as high ae a factor of five in others. 
On the other hand, the intensity of the continuum may be in error 
by a factor of three at frequencies above 300A and by «a larger 
factor at the lower portion of the spectrum. For meny of the 


line intensities, it has been necessary to make setimates on the 
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basis of a visual comparison of the line intensities and the 


continuum in the spectrographe provided by Dr. Tousey. 


The magnitudes of the ainimum ton production rates can 
be used as e guide to select the solar flux from the available 
data, nates“ has pointed out that the fiux used by Haven, 
Friedsan, and surbure lead to ineufficient ionisation rates. 
On tha ether hend, the ftux of 15 ange cn”! cee” for the Me 12 


Line? gives too high rates of tontection when the flux of ocher 


suiesion Lincs and continue te preportionately included. Pre- 
liminary saloulations for the altitude range 90-400 len indicate 
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Table 20 provides tabuleced data of caiculeted photon fluxes. 


Basic information: 


Colum 1 - Wavelength region (every $0 %) 
2 = Mean wavelensth (1.6. 2400-2650 A ie 2.42 in om 
$-@h in vette/n* 
4+ Q) converted te erge/ct” dec 
1 Wace «© 10" erg/eec 1 Meter? « 10° on” 


— 3 + 
10° erg/ = 10 | ec. 
ecg/ees xy erg/em, sec 4 
5S - EW © energy of photon mean ), = tatty! ores 
| ¢10") 
with A in ome 

6-NXrX = OR /EX 
7-NA (running totel for incressing wavelengths 


Range! 
Detveen © = 3500 2 Ah= 308 
3800 - 6000 Ad = 302 
6000 - 11,000 Ad = 1008 
11,000 - 20,000 A= 1000 8 
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